A synthetic peptide (sPIF) analogous to the mammalian embryo-derived PreImplantation Factor (PIF) enables neuroprotection in rodent models of experimental autoimmune encephalomyelitis and perinatal brain injury. The protective effects have been attributed, in part, to sPIF's ability to inhibit the biogenesis of microRNA let-7, which is released from injured cells during central nervous system (CNS) damage and induces neuronal death. Here, we uncover another novel mechanism of sPIF-mediated neuroprotection. Using a clinically relevant rat newborn brain injury model, we demonstrate that sPIF, when subcutaneously administrated, is able to reduce cell death, reverse neuronal loss and restore proper cortical architecture. We show, both in vivo and in vitro, that sPIF activates cyclic AMP dependent protein kinase (PKA) and calcium-dependent protein kinase (PKC) signaling, leading to increased phosphorylation of major neuroprotective substrates GAP-43, BAD and CREB. Phosphorylated CREB in turn facilitates expression of Gap43, Bdnf and Bcl2 known to have important roles in regulating neuronal growth, survival and remodeling. As is the case in sPIF-mediated let-7 repression, we provide evidence that sPIF-mediated PKA/PKC activation is dependent on TLR4 expression. Thus, we propose that sPIF imparts neuroprotection via multiple mechanisms at multiple levels downstream of TLR4. Given the recent FDA fast-track approval of sPIF for clinical trials, its potential clinical application for treating other CNS diseases can be envisioned.
Perinatal brain injury in the context of premature birth is a major cause of neonatal morbidity and mortality. 1 Depending on the degree of prematurity, 15-20% of the affected newborns die during the postnatal period and~25% of survivors suffer significant long-term disability including cerebral palsy, epilepsy and increased hyperactivity. 2 Therapeutic approaches to counteract the disastrous cascades of neonatal brain injury have been proposed. Unfortunately, in premature infants at risk, no neuroprotective agent has proven safe and effective so far. 3 Secreted from developing embryos, PreImplantation Factor (PIF) can be detected in the maternal circulation during pregnancy, 4, 5 and its presence has been correlated with live birth. [5] [6] [7] PIF has been implicated in promoting embryo implantation through modulating maternal immune tolerance. 5, 8, 9 Consistent with the immune function, a synthetic PIF analog (sPIF) of 15 amino acids (MVRIKPG-SANKPSDD) that was subcutaneously administrated was able to both reverse and prevent paralysis through inhibiting neuroinflammation in a murine model of experimental autoimmune encephalomyelitis. 10 The neuroprotective property of sPIF was further underscored by its ability to mitigate neuronal loss and microglial activation in a rat model of perinatal brain injury. 11 The neuroprotective effects were attributed, at least in part, to sPIF's ability to downregulate microRNA let-7 in the injured brain. Abundantly expressed in the central nervous system (CNS), let-7 released from dying cells during brain injury induces neuronal death, exacerbating CNS damage. 12, 13 sPIF inhibited the biogenesis of let-7 in both neuronal and immune cells through Toll-like Receptor 4 (TLR4). 11 As PIF imparts multitargeted effects, 10 it is almost certain that inhibiting let-7 is not the only mechanism of PIF action.
In search of additional mechanisms, we chose to focus on cyclic AMP-dependent protein kinase (PKA) and calciumdependent protein kinase (PKC). PKA/PKC signaling is downstream of TLR4, 14, 15 and TLR4 was required for sPIFinduced neuroprotective effects. 11 PKA/PKC are important signaling molecules in a variety of cellular functions, including cell growth and differentiation, neuronal plasticity and cellular response to hypoxia-ischemia. [16] [17] [18] [19] Mechanistically, PKA/ PKC activation leads to phosphorylation of serine and threonine residues on target proteins, thereby modulating protein stability, protein-protein interactions and catalytic activity. 20 In the case of brain injury, activation of the PKA/ PKC signaling pathways imparts neuroprotection by increasing expression of anti-apoptotic and neurotrophic molecules while reducing pro-apoptotic molecules in neurons. [21] [22] [23] Not surprisingly, PKA/PKC pathways have been recognized as potent targets for neuroprotective strategies.
In the current study, we have examined and revealed a novel mechanism of PIF action. sPIF confers neuroprotection in a rat model of perinatal brain injury by modulating PKA/PKC signaling, which is recapitulated in vitro using neuronal cells. Overall, our data support clinical translation of sPIF treatment for hypoxic-ischemic brain injuries.
Results sPIF promotes neuronal survival and migration in vivo. Given that sPIF induces global alterations in gene expression, it is highly likely that sPIF facilitates neuronal survival beyond targeting microRNA let-7. 9, 11 To evaluate the neuroprotective potential of sPIF, we induced brain injury in neonatal rats at P2 (Figure 1a ). This time point matches ongoing neuronal development. 24 The mammalian cerebral cortex is a six-layered structure comprising primarily pyramidal neurons and remaining inhibitory interneurons. 25 The pyramidal neurons are generated in a well-defined inside-out manner, in which layer VI and V (deep layers) neurons arise and migrate first and layer IV-II (upper layers) neurons are born and migrate later. 25 By birth, upper-layer neurons are still migrating until P7 whole deep-layer neurons are undergoing maturation. Thus, the major features of neuronal development and in particular deep-layer neurons may be altered as a consequence of perinatal brain injury. 26, 27 We evaluated cortical thickness (CT) first because in premature newborns reduced CT correlates with adverse neurological outcomes. 28 We focused on evaluating regions containing motor and somatosensory cortices, as injury in these regions between the rhinal sulcus and the cingulum causes distinctive neuropathological alterations. 11, 27, 29 We examined the position of upper (CUX1-positive) and deeper (CUX1-negative) neurons in the cortex (Figure 1b ). CUX1 is a well-defined molecular marker of upper-layer neurons (cortical layers II-IV). 30 We detected reduced CT in deep cortical layers in the Injury compared with the Sham animals ( Figure 1b ). This observation confirmed previous reports that at P2 deep cortical layers are particularly susceptible to hypoxic-ischemic brain injury. 27, 31 We also detected an expansion of the CUX1-positive layers as CUX1-positive cells were misplaced (Figure 1b ). This observation suggested that hypoxicischemic injury at P2 resulted in disturbed neuronal migration of CUX1-positive cells. In addition, CUX1-positive cells displayed abnormal soma morphology as they exhibited a very thin leading process, which indicates disturbed neuronal migration (Figure 1c ). sPIF modulates PKA/PKC signaling in vivo. Given the neuroprotective effects of sPIF (Figure 1 ), we tested whether sPIF modulates PKA/PKC signaling. Having a screening approach in mind, we tested well-characterized S/T phosphorylation motif antibodies, which detect all phosphorylated PKA/PKC substrates in brain lysates. 33 There is a global phosphorylation increase in the Injury compared with the Sham group (Figure 2a ), which is in line with the notion that inflammatory and/or ischemic insults activate PKA/PKC signaling. [34] [35] [36] Importantly, we detected a further increase in phosphorylation in the Injury+sPIF compared with the Injury group, suggesting possible modulation of PKA/PKC signaling by sPIF. 35 Thus, we reasoned that sPIF might enhance the phosphorylation of neuroprotective PKA/PKC substrates and therefore decided to test the phosphorylation status of BADSer112, GAP-43Ser41 and CREBSer133.
Bcl-associated death protein (BAD) induces apoptosis; 22, 23 however, phosphorylation of BAD at the Ser112 site (BADSer112) results in liberation of anti-apoptotic proteins blocking apoptosis in vitro 37, 38 and in vivo. 21, 39 Growthassociated protein 43 (GAP-43) is a well-established marker of neuronal plasticity with increased expression during neuronal recovery. 40, 41 Importantly, phosphorylation at Ser41 regulates GAP-43 interaction with the cytoskeleton, promoting neurite outgrowth 42 and dephosphorylation results in cytoskeleton destruction and growth cone collapse. 43, 44 The transcription factor cAMP-responsive element-binding protein (CREB) has been implicated in neuronal development, synaptic plasticity and in cell survival in response to ischemia. 45, 46 Phosphorylation of CREBSer133 leads to recruitment of CREB-binding protein (CBP) at the promoter regions of cAMP-responsive genes including Gap43, Bcl2 and Bdnf, 40, 47, 48 which impart neuroprotection. 21, 49, 50 In summary, phosphorylation of all three proteins (BAD, GAP-43 and CREB) results in broad neuroprotective effects and represents a target for neuroprotective strategies. Thus, we tested the three PKA/PKC substrates in our perinatal brain injury model. sPIF treatment indeed significantly enhanced phosphorylation of BADSer112, GAP-43Ser41 and CREBSer133 compared with the Injury animals ( Figure 2b ). The expressions of downstream genes Bcl2, Bdnf and Gap43 were expectedly increased in the sPIF-treated versus Injury animals (Figure 2c) . Notably, we detected the increase in Gap43 at the RNA and protein levels (Figures 2b and c) , which is consistent with PKA/PKCmediated neuronal recovery. 40, 41 On the other hand, we detected an increase in pro-apoptotic BAD protein and the RNA levels in Injury versus Sham and Injury+sPIF groups (Figures 2b and c) . This is in line with the notion of increased BAD protein and RNA levels in neurodegenerative diseases, 51, 52 which further supports the activity of sPIF of neuroprotection. Together, these results suggested that the neuroprotective effects observed ( Figure 1 ) were at least in part because of modulation of PKA/PKC signaling, which prompted us to carry out more in-depth dissections of the underlying mechanisms in vitro.
sPIF protects neuronal cells through a PKA/PKC-dependent mechanism in vitro. We have previously used the murine neuroblastoma cell line N2a to demonstrate that sPIF inhibits the biogenesis of let-7, corroborating sPIF's ability of neuronal protection in vivo.
11 To determine whether sPIF protects neuronal cells in part by regulating PKA/PKC signaling, N2a cells were pretreated with lipopolysaccharides (LPS; to mimic the in vivo situation 11 ), and then subjected to sPIF or scrambled PIF (PIFscr, as a negative control). We detected a time-dependent increase in the PKA/PKC activity in sPIF-versus PIFscr-treated cells (Figure 3a) , consistent with our in vivo results (Figures 2b and c) . The ability of sPIF to reduce apoptosis and promote neuronal survival in N2a was also evaluated. In line with our in vivo results (Figures 1d-f and 2c) , sPIF reduced the expression of the pro-apoptotic genes Bad and Casp3 while increasing that of the anti-apoptotic Bcl2 (Figure 3b ). In addition, sPIF promoted neuronal survival as assessed by increased cell viability and reduced apoptosis (Figure 3c ).
To confirm whether the sPIF-induced reduction of apoptosis was dependent on PKA/PKC signaling, pharmacological inhibitors specific against PKA (H89) and PKC (Gö6983) 53, 54 were used. As shown in Figure 3c , sPIF-induced neuronal survival was abolished in the presence of H89 and Gö6983, consistent with a PKA/PKC-mediated mechanism. Expectedly, the presence of the inhibitors abrogated sPIF-induced phosphorylation increase of PKA/PKC substrates BADSer112, GAP-43Ser41 and CREBSer133 (Figures 3d and e) as well as the increase in the expression of downstream targets Bcl2, Bdnf and Gap43 (Figure 3f ). Taken together, our in vitro results lend a strong support to our in vivo findings that by modulating PKA/PKC signaling sPIF enhances the expression of neuroprotective genes while decreasing pro-apoptotic gene expression, thereby promoting neuronal survival. Representative western blots (n = 5 each group) of brain lysates probed with specific antibodies against phosphorylated and total protein levels. Protein levels were quantified using a ratio of phosphorylated/ total protein level using beta-tubulin (TUBB) as a loading control. (c) RNAs were extracted from brain lysates (n = 5 each group) and levels determined using RT-qPCR. Quantification results of the Sham group were arbitrarily set as 1. Data are presented as mean ± S.E.M. (one-way repeated measures ANOVA followed by Bonferroni's Multiple Comparison Test, two-tailed Student's t-test). *Po0.05, **Po0.01, ***Po0.001
The sPIF-mediated PKA/PKC mechanism is TLR4-dependent. TLR4 is known to be upstream of PKA/PKC signaling.
14, 15 We also have previously shown that TLR4 is required for sPIF-mediated let-7 inhibition in N2a cells. 11 To determine whether sPIF-induced alteration in PKA/PKC signaling was also dependent on TLR4, TLR4 was knocked down in N2a using a TLR4-specific siRNA (siTLR4) 11 and effects on PKA/PKC substrate phosphorylation and downstream target gene expression were assessed. When TLR4 was downregulated (Figure 4a ), sPIF-induced phosphorylation increase of PKA/PKC substrates BADSer112, GAP-43Ser41 and CREBSer133 was abolished (Figures 4b and c) . Consistently, sPIF-induced increase in the expression of downstream target genes Bcl2, Bdnf and Gap43 was also negated (Figure 4d) . Collectively, these results provide evidence that TLR4 is required for sPIF-mediated modulation of PKA/PKC signaling. (f) RNAs were extracted 24 h later and levels determined using RT-qPCR. Protein and RNA levels are presented after normalization using TUBB as loading control and against those from PIFscr-treated, which were arbitrarily set as 1. All results are representative of three or more independent experiments. Data are presented as mean ± S.D. (two-tailed Student's t-test). *Po0.05, **Po0.01, ***Po0.001
Discussion
This report documents a new mechanism of sPIF-mediated neuroprotection. Using a clinically relevant newborn brain injury model, we demonstrate that subcutaneously injected sPIF was able to reduce cell death, reverse neuronal loss and restore proper cortical architecture. We provide evidence from both in vivo and in vitro studies that sPIF does so in part by modulating PKA/PKC signaling in a TLR4-dependent manner. As summarized in Figure 4e , sPIF activates PKA/PKC signaling through TLR4, resulting in phosphorylation of neuroprotective substrates GAP-43, CREB and BAD, which in turn stimulates expression of downstream genes Gap43, Bdnf and Bcl2. These genes have well-established roles in Figure 4 sPIF enhances phosphorylation of PKA/PKC substrates in a TLR4-dependent manner in vitro. N2a cells were transfected with control siRNA (siCon) or siRNA specific for TLR4 (siTLR4). On the following day, cells were pretreated with LPS and treated with sPIF (+) or PIFscr ( − ) at 200 nM. (a) RNAs and proteins were harvested 12 h post transfection and analyzed using RT-qPCR (upper) and western blot analysis (bottom), respectively. (b and c) Proteins were extracted 24 h later and levels determined using western blot analysis. (d) RNAs were extracted 24 h later and levels determined using RT-qPCR. (e) Proposed model for sPIF-induced neuronal protection. Protein and RNA levels are presented after normalization using TUBB as loading control and against those from PIFscr-treated, which were arbitrarily set as 1. All results are representative of three or more independent experiments. Data are presented as mean ± S.D. (two-tailed Student's t-test). *Po0.05, **Po0.01, ***Po0.001 modulating neuronal growth, remodeling and survival. 21, 49, 50 In light of our previous findings, 11 sPIF downregulates microRNA let-7 expression through PI3K/Akt signaling, also in a TLR4-dependent manner reducing neuronal death. Meanwhile, decreased let-7 levels lead to increased expression of IL10, a direct target of let-7-mediated inhibition 55, 56 and a potent anti-inflammatory cytokine in neuroprotection. [57] [58] [59] Given the potent in vivo neuroprotective effects of sPIF, 10, 11 we propose that the two pathways (PKA/PKC and PI3K/Akt) may work synergistically in sPIF-mediated neuroprotection.
Our current and previous 11 findings highlight an important role of TLR4 in sPIF-mediated neuroprotection, although the exact mechanism by which sPIF interacts with TLR4 remains to be investigated. The divergent in vivo effects of sPIF (neuroprotection, Figure 1 ) and LPS-induced neuroinflammation 24 suggest association/synergism with distinct cofactors of TLR4 signaling. 35 Thus, it is conceivable that cofactors of sPIF likely act in concert to elicit/synergize downstream effects that are specific to sPIF but different from those induced by LPS. In addition, studies to determine in vivo effects of TLR4 silencing will be needed to firmly establish the role of TLR4 in sPIF-mediated neuroprotection.
With respect to potential clinical relevance and translation to human premature newborns, we decided to induce brain injury by a combination of LPS and hypoxia-ischemia at P2 and started therapy at P4 (Figure 1a ) in neonatal rats. We used LPS before hypoxia-ischemia because perinatal infection/ inflammation contributes substantially to cerebral injury in immature neonates. 60 In neonatal rats, LPS results in timeand TLR4-dependent sensitization to the following injury, 61, 62 which mimics the situation in human newborns when infection/ inflammation occurs. In addition, we induced brain injury at P2 because neonatal rats correspond to human immature infants in terms of brain development and susceptibility to injury. 24 It is also noteworthy that sPIF promotes neuroprotection despite the late starting point (P4) of the therapy. From a clinical point of view this late treatment is promising, as in immature infants the precise timing of the injury often remains unclear (whether it occurs pre-, during labor or during the postnatal period) and treatment options frequently result in no benefit. 63 Finally, our finding that sPIF targets PKA/PKC is particularly intriguing as studies have pointed to the modulation of PKA/ PKC signaling as a therapeutic approach for adult neuronal injury such as Alzheimer's Disease and cerebral ischemic/ stroke. 20, 64, 65 Importantly, in our previous studies we have demonstrated that subcutaneously injected sPIF was able to reach the brain and localize to neuronal cells as assessed using immunofluorescence. 11 Furthermore, in this previous study, we showed that such a dosing regimen was indeed effective in rescuing brain damage in the same rat model used in this current study. Together, the current and previously reported neuroprotective evidence, 10, 11 combined with the FDA fast-track approval and recently started Phase I Clinical Trial for autoimmune hepatitis (https://clinicaltrials.gov), supports the potential clinical application of sPIF for both perinatal and adult brain injuries.
Materials and Methods
Cell culture. Mouse neuroblastoma cells (N2a) were purchased from ATCC. Cells were maintained in DMEM (Gibco, Life Technologies, Carlsbad, CA, USA; 11965-092) supplemented with 10% FBS (Gibco, 16140-071), 1 mM L-glutamine (Gibco, 25030-081) and 1% penicillin-streptomycin (Gibco, 15140-122) in 5% CO 2 atmosphere at 37°C. Trypsin-EDTA (0.25%, Gibco, 25200-056) was applied to detach N2a from culture plates.
Treatment of cultured cells. Cells were seeded in 48-well plates in regular growth media at a density of~8 × 10 4 per well. The next day, media were replaced with free-serum media containing LPS (0.5 μg/ml) for 24 h. The day after, media were replaced with serum-free media containing sPIF or PIFscr at 200 nM concentration, followed by incubation for the indicated time duration. For PKA/PKC inhibitor studies after LPS pretreatment, media were replaced with serum-free media containing inhibitors for PKA (H89) or PKC (Gö6983) at 5 μM concentration. After 30 min, media were replaced with serum-free media containing PKA or PKC inhibitor and sPIF or PIFscr at 200 nM for the indicated time duration. Cell viability and apoptosis (Caspase 3/7) activity. Briefly, cells were seeded in 96-well plates at a density of 1 × 10 4 /well. The next day, media were replaced with serum-free media containing LPS (0.5 μg/ml) for 24 h. The next day, media were replaced with serum-free media containing sPIF or PIFscr at 200 nM concentration. Cell viability and apoptosis (caspase 3/7 activity) were measured 6 and 24 h post sPIF or PIFscr treatment using the Cell Titer Blue Cell Viability kit (Promega, Madison, WI, USA; no. G8081) and the Apo-ONE Homogeneous Caspase-3/7 Assay kit (Promega, no. G7791), respectively.
PKA and PKC activity. Briefly, cells were seeded in 48-well plates at a density of 8 × 10 4 /well. The next day, media were replaced with serum-free media containing LPS (0.5 μg/ml) for 24 h. The next day, media were replaced with serumfree media containing sPIF or PIFscr at 200 nM concentration. PKA and PKC activities were measured at 6, 12, 24 and 48 h post-sPIF and -PIFscr treatment using the PKA (Enzo Life Sciences, Farmingdale, NY, USA; ADi-EKS-390 A) and PKC (Enzo Life Sciences, ADi-EKS-420 A) kinase activity kit, respectively, according to the manufacturer's protocols.
Induction of hypoxic-ischemic brain injury. All animal procedures and perioperative care were approved by the Ethics Committee and Veterinary Department of the Canton of Berne, Switzerland. Animals (36 neonatal Wistar rats) were randomly divided into three groups (Sham, Injury and Injury+sPIF; n = 12 each group). Injury and Injury+sPIF groups received LPS (0.1 mg/kg BW, i.p.) at postnatal day 1 (P1). On the following day, the animals were placed on an approved thermoregulatory device (37°C), anesthetized using isoflurane and a 5-mm jugular skin incision was made (using microscissors). We exposed the left carotid artery, separated from the nervus vagus and permanently ligated (6.0 prolene suture) and cut the artery. 11, 66 We closed the skin incision using a 6-0 prolene suture. The complete procedure did not exceed 10 min. Animals were returned to the mother for a recovery period of 60 min and then placed in a gas-tight cylinder, which was flooded with pre-warmth and humidified gas mixture (8% O 2 and 92% N 2 ) for a period of up to 65 min, thus creating a stable 8% O 2 environment. Starting on postnatal day 4, the Injury group received phosphate-buffered saline (Vehicle) and the Injury+sPIF group received sPIF (0.75 mg/kg BW twice daily) until brain harvesting on postnatal day 11. The Sham group consisted of sham-operated animals (0.9% NaCl instead of LPS, exposure of the carotid artery without ligation, no hypoxia).
Perioperative care. See Supplementary Information for details.
Immunohistochemistry. See Supplementary Information for details.
Quantitative assessment of the brain. Assessment of neuronal loss and number of active CASP-3-positive cells was made in the region of interest (ROI) defined as the deep cerebral cortex (cortical layers V and VI in Figure. 108 according to a stereotactic rat atlas) 67 and in each hemisphere independently. This cortical area between the rhinal sulcus and the cingulum contains the cerebral white matter, and hypoxia-ischemia on P3 was reported to cause distinctive neuropathological alterations in these regions. 27, 29 CT, and CUX1-positive and -negative CT were determined in coronal sections (Figure 108 according to a stereotactic rat atlas) 67 containing motor and somatosensory cortices. The sections were stained with cresyl violet and evaluation performed in each hemisphere independently. Because of the variability in the thickness of the motor cortex, we drew a perpendicular line to the white matter through the six layers of the cortex to measure the thickness. All images of immunohistochemical stainings were obtained with a BX51 microscope (Olympus, Tokyo, Japan) equipped with a digital camera and images acquired using a × 40 objective images for ROI evaluation and a × 10 objective for CT and Neuronal Displacement evaluation. An independent observer acquired six consecutive coronal sections per hemisphere and animal for each specific immunostaining blinded to the experimental conditions. Images were analyzed and reconstructed using Image J (US National Institutes of Health, Bethesda, MD, USA).
Quantification and statistical analysis. All quantifications such as manual cell counts were performed in a blinded manner. Positive cell counts for NeuN and active CASP-3-positive cells were performed in the ROI (see above) as previously reported. 27, 68, 69 Number of cells was determined by unbiased counting of positive cells. 68 Data analysis. We avoided variability resulting from tissue handling and staining, and interanimal developmental variations by using a ratio of left (ipsilateral to carotid occlusion) to the right hemisphere. 29, 69 Data from in vivo studies are represented as mean ± S.E.M. Data from in vitro studies are represented as mean ± S.D. Single comparisons with control were made using two-tailed Student's t-test or Mann-Whitney test. We used one-way repeated measures ANOVA followed by Bonferroni's Multiple Comparison Test for multigroup design. Po0.05 was considered to be statistically significant. Data handling and statistical processing were performed using the Microsoft Excel and GraphPad Prism Software.
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